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Genomics for environmental microbiology
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The utilization of natural microbial diversity in biotechnology is
hindered by our inability to culture the vast majority of
microorganisms and the observation that laboratory
engineered bacteria rarely function in the wild. It is now clear
that an understanding of the community structure, function and
evolution of bacteria in their natural environments is required to
meet the promise of microbial biotechnology. To meet these
new challenges, microbiologists are applying the tools of
genomics and related high-throughput technologies to both
cultured microbes and environmental samples. This work will
lead to new views on ecosystems and biological function
together with the biotechnology enabled by this science.
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Introduction

Although bacteria and their viruses represent only part of
the vast interconnected web of life that make up the
global ecosystem, in numbers they make up the majority
[1]. The variety of environments in which they live, the
strategies they use to survive and grow, and the substrates
they transform in that service lead to a wealth of forms and
functions, the extent of which we are only beginning to
understand. The growth and death of subpopulations of
microbes in response to environmental change and their
invasion into new niches can lead to large changes in the
balance of a local ecosystem and can lead to interference
with human operation — with effects ranging from the
corrosion of oil lines to increasing the prevalence of and the
introduction of new pathogenic strains. Beneficial aspects
of microbial populations include their contribution to
important geochemical cycles, their ability to buffer envir-
onmental change through bioremediation, and the possi-
bility that they can provide a wealth of new functions for
energy conversion, catalysis and natural product synthesis.

High-throughput sequencing and advances in DNA
cloning and amplification technology, coupled with geno-
mic tools, are enabling holistic views into the composition
and dynamics of predominantly unculturable microbial
communities (Figure 1). This emerging field, termed
‘metagenomics’ [2], offers new discoveries into the cap-
abilities of microbes that allow them to collaborate and
compete to survive in a wide range of environments.
Genomic investigations into the diversity of environmen-
tal bacteria are leading to insights into ecological
dynamics, the evolution of new forms of biological sys-
tems, and the discovery of new functions that might be
exploited for biotechnological and biomedical purposes.
Here we outline the broad questions in environmental
microbiology that can be approached using genomic and
derivative techniques. The unification of microbial ecol-
ogy, environment, and gene function that is enabled by
this science is discussed as are the associated experimen-
tal and bioinformatics challenges that must be overcome
to reach this goal.

What is there?

Efforts to understand the biological composition of envir-
onments and the nature of engendered ecologies and
their place in regional and global geochemistry are con-
siderably aided by the identification of the constituent
organisms. Modern approaches, made possible by geno-
mic technologies, provide a much broader ability to access
this diversity than traditional microscopic and culturing
techniques. Current estimates indicate that less than 1%
of microbial species are amenable to growth in isolation
under standard laboratory conditions [3]. Instead, sequen-
cing and other techniques for identifying DNA from
environmental samples can yield a far more complete
picture of the organisms involved in a community and,
ultimately, the placement of those organisms into their
ecological roles.

Identification and classification of both well-known and
novel organisms is greatly aided by phylogenetic marker
genes, which result from the commonality of certain tasks
such as transcription and translation. Although conserved
protein-coding genes can be used to identify bacterial
lineages [4], the most commonly used phylogenetic mar-
kers are genes for RNA subunits of the ribosome, most
frequently the small subunit (16S rRNA gene); these
have been used in numerous studies to determine the
presence and relative abundance of taxonomic groups
within environmental samples. These studies have either
sequenced rRNA genes directly [5], used PCR amplifica-
tion to scan TRNA genes in large-insert clones built from
environmental samples or employed sequencing followed
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The application of genomics and derivative technologies yields insight into ecosystems. The use of genomics, functional genomics,
proteomic and systems modeling approaches allows for the analysis of community population structure, functional capabilities and
dynamics. The process typically begins with sequencing of DNA extracted from an environmental sample, either after cloning the DNA into
a library or by affixing to beads and direct sequencing. After the sequence is assembled, the computational identification of marker genes

allows for the identification and phylogenetic classification of the members of the community and enables the design of probes for subsequent
population structure experiments. The assignment of sequence fragments into groups that correspond to a single type of organism (a process
called ‘binning’) is facilitated by identification of marker genes within the fragments, as well as by other characteristics such as G+C content
bias and codon usage preferences. Computational genome annotation, consisting of the prediction of genes and assignment of function using
characterized homologs and genomic context, allows for the description of the functional capabilities of the community. Knowledge of the
genes present also enables functional genomic and proteomic techniques, applied to extracts of protein and RNA transcripts from the sample.
These latter studies inform systems modeling, which can be used to interpret and predict the dynamics of the ecosystem and to guide future

studies. qPCR, quantitative polymerase chain reaction.

by computational identification of the 16S rRNA gene.
One key benefit has been the identification of novel
species, clades and divisions, which guides future
research into a more balanced understanding of the tree
of life. Additionally, these studies have revealed that the
diversity of different communities can vary dramatically
from just a few species to thousands [6°], often to a much
greater extent than had been expected, and possess
members that had not been previously identified. For
example, one study using the 16S rRNA gene discovered
a new clade that is one of the most abundant members of
bacterioplankton communities in the ocean [7], but which
had escaped detection by other approaches. Subsequent
culturing and genomic sequencing of one of the members
of this clade, Pelagibacter ubique, revealed a streamlined
genome with fewer genes than any free-living bacteria to
date [8], adding to its interest and highlighting the value
of initial survey studies in discovering important organ-
isms for further investigation. Similar studies have led to

the isolation and characterization of other important
marine bacteria [9,10] and archaea [11].

Temporal and spatial studies of microbial population
structure beyond initial surveys are also of great impor-
tance, and will facilitate comparative analyses of commu-
nity composition that will yield insight into the
relationship of the ecology with the conditions that favor
one population structure over another (see also Update).
In light of this, we expect less labor-intensive approaches
than sequencing that capture the presence of organisms in
environmental samples, such as those based on the hybri-
dization of probes to the 16S rRNA gene, to prove useful
as researchers attempt to more rapidly characterize popu-
lations, potentially even in the field. One such approach
takes advantage of fluorescence iz situ hybridization to
ribosomal genes within the sample [12], whereas others
make use of microarray technology [13-17]. In the former
approach, identification of only a small number of types is
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possible in a given experiment, owing to the uniform
application of the probes and the limited number of
fluorescent dyes that can be utilized at once. In the latter
approach, the separation of the probes allows for the
identification of far more types. Additionally, probes of
varying taxonomic specificity can be used, allowing for
rapid classification, and perhaps quantification, of the
organisms present within a sample. However, one draw-
back of techniques based on probes is that such investi-
gations are limited to the identification of known groups
and will fail to capture the presence of truly novel
organisms. These approaches might be best applied once
a better understanding of the organisms expected to be
present is achieved by an initial survey to allow for the
synthesis of custom probes. Nevertheless, it is the expec-
tation of the authors that as such spatial and temporal
population structure studies are one of the essential
directions for the field, the rapidity and relative inexpen-
siveness of probe-based approaches will lead to their
frequent use in future studies.

What is it doing?

In contrast to phylogenetic marker-based studies that
survey the microbes present in an environment, DNA
sequencing of environmental samples addresses the func-
tional capabilities of the constituent organisms through
analysis of the community gene complement. Recent
studies utilizing ‘shotgun’ environmental sequencing
reflect the challenges associated with these studies and
the conclusions that can be drawn from them. The
primary challenge to ‘piece together’ fragmentary
sequences to determine the genetic content of each
species in a community is greatly affected by the com-
plexity of the sample, the comprehensiveness of the
sequencing, and the length of the fragments themselves.
For example, the shotgun approach taken in studies of the
Sargasso Sea [18°], soil and whale carcasses [6°] yielded
hundreds to thousands of unique species, but reads that
were possible to group together were primarily from those
species that already had sequenced genomes. Addition-
ally, although these undertakings were huge in scope,
ultimately the sequencing was not comprehensive over all
regions of the genomes of each species, and could not be
comprehensive owing to the large amount of strain varia-
tion. However, the nature of microbial genomes (gene-
rich with small genes) permitted the quantitative assess-
ment of gene repertoires in each of the sampled environ-
ments. These ‘environmental gene tags’ could be used to
distinguish environments using differences in the
inferred metabolic activities and functional roles of each
microbial community [6°]. In contrast to the challenges
presented by more complex communities, the relatively
low species complexity of an acid mine drainage (AMD)
biofilm lent itself more readily to the assembly of two
nearly complete genomes and the partial assembly of
three additional genomes [19°]. This achievement
allowed for the assignment of the roles played by the

members of the community, such as the appearance that
only one of the members possesses the capacity for
essential nitrogen fixing, and highlights the potential of
metagenomic studies to reveal the keystone organisms
within a given ecology and the interactions between
community members.

Given the cost and complications of genome assembly
associated with environmental shotgun sequencing, it is
often practical and informative to sequence large-insert
fosmid or BAC (bacterial artificial chromosome) clones to
meet research goals. The ability to retrieve archived
DNA in the form of a large-insert library greatly aids
phylogenetic identification of the clones, assembly of
metagenome DNA sequence, linking of genes with
organisms, and the linking of genes and organisms to
environmental function. For example, Hallam ¢z a/. [20]
sequenced a marine sediment-derived fosmid library
enriched for archaeal DNA to demonstrate that an uncul-
tured archaea contains the gene complement required to
oxidize methane. Similarly, DelLong er a/. sequenced
fosmid clones derived from marine microbial commu-
nities isolated from multiple depths at a single site in the
Pacific Ocean to link microbial diversity to oceanic para-
meters like nutrients, salinity, temperature and the avail-

ability of light [21°].

Despite the insight into microbial functional capacity
provided by environmental DNA sequences, these data
in isolation are typically not sufficient to determine gene
function. This is highlighted by the large number of both
conserved and non-conserved genes with unknown func-
tion in individual bacterial genomes and metagenomes.
"T'he discrepancy between our ever-increasing sequencing
capacity and our inability to systematically determine
gene function is exasperated by the realization that a
comprehensive understanding of microbial life requires
the elucidation of complex interactions and dynamics
between genes, organisms and their environment. It is
clear that omics level technologies derived from primary
sequence information are necessary to make the transi-
tion from gene and genome catalogues to functional
significance.

Microarray-based gene expression profiling provides a
quantitative assessment of transcript abundance and
can be used to predict gene function based on the
hypothesis that functionally related genes are more likely
to be transcriptionally coregulated. In natural microbial
communities, microarray technology can be applied both
as a tool to monitor critical gene activities across a diverse
spectrum of genomes [22,23] or to access the transcrip-
tome of single microbial strains in a complex community.
Regardless of the nature of the study, substantial chal-
lenges (e.g. efficient RNA extraction, detection of signal
above background noise for complex samples, and cross-
hybridization) need to be overcome before environmental
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gene expression studies approach the reproducibility of
similar laboratory-based analyses. Finally, compared with
large-scale sequencing, gene expression studies are more
amenable to time-course studies. The significance of this
is that the dynamics of a complex microbial community in
a changing environment can be tracked with a single,
portable experimental tool.

In addition to gene expression, environmental proteomics
are enabled by the availability of near-complete microbial
metagenomes. Through alignment of mass-spectrometry-
generated peptide signatures to the assembled AMD
biofilm metagenome [19°], high-confidence detection
was achieved for ~2000 proteins including ~50% of
the predicted proteins from the high-abundance Lepros-
pirillum group 11 strain [24°°]. Although DNA sequence
illustrates the metabolic and functional potential of an
organism, the detection of expressed proteins in a com-
munity provides critical insight into the important cellular
activities at temporal and spatial environmental resolu-
tion. In the AMD proteomics study, many genes with a
role in oxidative stress and protein folding were highly
expressed, potentially reflecting the challenge in main-
taining cellular integrity in a harsh environment [24°°].

The classic approach to assess gene function is to identify
which genes are required for fitness in a given condition
through gene disruption. One attractive mutagenesis
technology that can be employed directly in the environ-
ment is the ‘tagging’ of individual mutants in an approach
analogous to bacterial signature tagged mutagenesis [25]
and the parallel phenotypic analysis of the yeast deletion
collection [26]. In these strategies, each tag is a unique
DNA sequence that serves to mark a single mutant strain.
The presence of common PCR priming sites surrounding
the unique tags enables the amplification of all tags in a
complex pool of mutants in a single reaction. The relative
abundance of each mutant can then be assessed by
hybridization of the tags to a microarray containing the
tag complements. In this manner, all pooled mutants that
did not survive an experimental selection can be identi-
fied in parallel. For environmental studies, the main
advantage of tagged mutagenesis is that the tag signals
can potentially be PCR-amplified from the environmen-
tal ‘noise’ and quantified using a microarray without the
need for culturing the pooled mutants after addition to
the environment. Such experiments would identify genes
required for survival in a natural environment. Groh ¢z a/.
[27] applied the signature tagged mutagenesis approach
in the metal-reducing bacteria Skhewanella oneidensis and
Desulfovibrio desulfuricans. Pools of 60 tagged mutants
were analysed for survival in an artificial anaerobic sedi-
ment environment using a custom microarray. Simulation
of the natural environment will identify genes required
for fitness under more natural conditions when studies
cannot be performed in the field. As more environmental
microbes are cultured [11], often enabled by the blueprint

of the genome sequence [28], tagged mutagenesis will
become increasingly applicable.

What is novel and useful for biotechnology?
The biotechnology applications derived from microbial
diversity range from the isolation of genes encoding novel
functionality for industrial or biomedical applications [29]
to the cleanup of environmental pollutants using engi-
neered microbes [30]. Both companies and academic
groups have constructed libraries of environmental
DNA from diverse sources such as soil [31] and seawater
[32] to identify genes with particular characteristics, such
as those conferring antibiotic resistance [33] or encoding
specific enzymatic activities [34], or more generally to
gain a better understanding of the variety and range of a
protein family of interest [32]. The challenges associated
with this approach include potential problems with
expressing heterologous DNA in a surrogate host (typi-
cally Escherichia coli), insufficient homology to identify
clones using PCR, and the laborious task of screening
through thousands of clones for rare ‘hits’.

Methods to rapidly screen or select clones of interest from
the thousands in a standard metagenome library are
required to bring this technology to the average research
laboratory lacking high-throughput infrastructure. One
promising development is the substrate-induced gene
expression screening (SIGEX) technique [35°]. Taking
advantage of the observation that most catabolic genes are
induced by their substrates, a groundwater metagenome
library was cloned in an operon-trap vector driving
expression of the gene encoding green fluorescent protein
(gfp). Upon induction by a hydrocarbon substrate, gfp-
expressing clones (presumably containing catabolic genes
involved in the degradation of the hydrocarbon) were
identified and separated from non-induced clones using
fluorescence-activated cell sorting.

The use of individual microbes for complex environmen-
tal tasks such as bioremediation of contaminated and
polluted sites represents a great challenge for environ-
mental biotechnology on several levels. Foremost, there
is substantial discord between the laboratory conditions
where the organism is manipulated and the 7z situ envir-
onment that is targeted by the microbe. Consequently, it
is not surprising that genetically modified bacteria rarely
function in a natural environment [30]. How do we cope
with the laboratory-environment discrepancy and how do
we design laboratory experiments that adequately repre-
sent natural conditions? One solution is to take a global,
systems biology approach by examining the numerous
stress responses, regulatory systems, and genes critical for
the desired biological activity such as bioremediation.
The key to this approach will be the integration of gene
expression, proteomics, physiological, mutant phenotype,
and metabolic data into working cellular models that can
accurately predict the response of the organism to a given
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environment [36]. Meeting these goals of microbial sys-
tems biology will additionally require the development of
computational resources and infrastructure [37,38] that
link services such as data storage and integration into
coherent, testable models. Finally, the functionality of an
environmentally introduced, engineered microbe(s) will
be aided by the -culture-independent technologies
described previously to determine the impact of the
endogenous microbial population, track the activity and
progress of the engineered microbe over time, and to
understand the ecological impact of the human intrusion.

Perspectives and future directions
Genomic-based analyses in environmental microbiology
are in their infancy. Meeting the challenges associated
with applying experimental techniques in the environ-
ment, analysing complex data, and meshing biogeochem-
ical cycles with the relevant microorganism will go a long
way towards realizing the biotechnological potential of
natural microbial diversity. Currently, because of the
complexity and cost of technologies necessary for envir-
onmental genomics, these projects are often accom-
plished through the formation and collaborative effort
of large research teams (e.g. the US Department of
Energy Genomics:G'TL programme [39]) such that cost
and expertise are distributed. However, we anticipate
that technological innovations will lead to a severe cost
reduction in DNA sequencing and other related technol-
ogies and make large-scale metagenomics more accessi-
ble to the individual researcher. Similar to the
development of standard laboratory genomics, the avail-
ability of the necessary tools to a larger number of
researchers will spur future discoveries in environmental
genomics.

As environmental microbiology data accumulates we can
begin to move from ‘What is there’ and ‘What is it doing’
towards higher order questions regarding the generation
and maintenance of genetic diversity and the impact of
environmental change on microbial evolution. These
questions will be aided by analyses into the prevalence
and function of viruses, transposable DNA elements,
plasmids, and horizontally transferred genes within and
across communities. [t is becoming increasing clear, both
from comparative studies of whole microbes [40-44] and
from studies of sequences obtained in environmental
samples [45], that the horizontal transfer of genes plays
a large role in the spread of functional abilities within
communities and in enabling the adaptation of organisms
to changing niches [46]. It appears that, in addition to the
measures taken by bacteria and archaea to confer fitness
upon their brethren, phage might also provide a means for
the transfer of useful genetic elements between microbes
[47,48], and perhaps even contribute to the evolution of
novel functions. Therefore, metagenomic studies of
viruses [49] are an important, and perhaps essential,
complement to genomic studies of microbial

communities. We look forward to the day when our grasp
of evolutionary mechanisms allows us to fully understand
the origins of microbial diversity in the complex and
dynamic communities that serve as the foundation for
life on earth.

Update

Johnson er a/. [50] have reported the distribution of six
Prochlorococcus ecotypes across the Atlantic Ocean. The
abundance of individual ecotypes was significantly cor-
related with temperature, thus providing a link between
an environmental gradient and population structure.
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